Study Design. This was a case-control study.
A dolescent idiopathic scoliosis (AIS) is a complex three-dimensional spinal deformity affecting mainly girls with disease onset at the peripubertal period. 1 Previous studies have reported the association between AIS and low body weight, tall stature, longer arm span, lower body mass index (BMI), delayed onset of menarche, and systemic low bone mass. [2] [3] [4] It is generally believed that AIS is a systemic disease, and scoliosis is one of the common presenting phenotypic signs. 5 There might be a common systemic modulating pathway that could be linked to the scoliosis deformity and the associated observed abnormal skeletal growth, low bone mineral status, and lower BMI.
Recent studies showed that leptin, a 16-kDa protein hormone predominantly secreted by adipocytes from the leptin (lep) gene, plays an important role in regulating which was found to be associated with deranged bone quality. 9 A recent animal study has reported that high central leptin activity could increase the risk of developing scoliosis. 10 Despite the widely reported lower body weight and lower BMI in AIS patients, only a few studies have investigated the difference in body composition between AIS and healthy controls. 11, 12 These limited studies have reported conflicting findings with relatively small sample size. Recently, a large prospective cohort study has reported that decrease in leptin, lean, and fat mass was associated with increased risk of scoliosis in adolescents, 13 which provided further evidence supporting the potential link between leptin, abnormal body composition, and AIS. We speculated that the altered leptin bioavailability in AIS girls could affect the subsequent physiological functions of leptin, including the regulation of energy metabolism and body composition. The objective of this study was to study and compare the body composition between AIS girls and age-matched healthy control girls using a relatively larger sample size. The correlations with serum total leptin, sOB-R, and free leptin index (FLI) were also investigated.
MATERIALS AND METHODS

Subjects
Chinese AIS girls aged between 12 and 14 years old without prior treatment were recruited consecutively from our scoliosis clinic. Age-matched healthy girls were recruited randomly from local schools. To study the intrinsic difference in circulating leptin level, subjects with BMI>23.0 were excluded to avoid bias from the relatively high serum leptin level known to be associated with overweight/obese subjects. 14 The diagnosis for AIS (Cobb angle !108) was confirmed clinically and radiologically with standard standing antero-posterior radiographs. All control subjects were examined by an experienced orthopaedic surgeon to rule out spinal deformities. Subjects with history of congenital deformities, neuromuscular diseases, skeletal dysplasia, endocrine diseases, connective tissue abnormalities, mental retardation, or history of recent steroid intake were excluded from the study. Written informed consents were obtained from all the subjects and their legal guardians before enrolment into the study which has been approved by 
Anthropometric and Sexual Maturity Assessment
Anthropometric and sexual maturity parameters including body height, body weight, sitting height, arm span, BMI, and Tanner stages were measured. As shown by previous studies, 15, 16 the different equations for correction of height loss caused by the spinal deformity had limitations and might not fit every curve. Since the linear correlation between arm span and standing height in healthy children and adolescents is very high (r 2 ¼ 0.99), 17 arm span was used for calculating the BMI in place of body height in the current study (body weight/armspan 2 ). Self-reported pubertal stages on breast development and pubic hair growth were assessed from a series of pictures according to Tanner stages. 18 
Body Composition
Body composition was measured with Bioelectrical impedance analysis (BIA) (InBody 720, Biospace, Korea) using standardized protocol. The InBody 720 is a precision body composition analyzer that uses eight-point tactile electrodes method and emits multiple frequencies. Body composition parameters derived from BIA include: 
Biochemical Assays
Peripheral venous blood samples were collected, serum were separated and stored at À808C until analysis. Serum total leptin levels were measured by enzyme-linked immunosorbent assay (ELISA) specific for human leptin (ALPCO Diagnostics, Salem, NH) after a standard protocol as recommended by the manufacturer. Intra-and interassay coefficients of variation are 2.2% and 3.7% respectively. The lowest detection limit for leptin was 0.50 ng/mL. Serum sOB-R levels were measured by ELISA (R&D systems, Minneapolis, MN). Intra-and interassay coefficients of variation are 2.7% and 4.1% respectively. The minimum detectable concentration was 0.057 ng/mL. FLI was calculated as the ratio of serum total leptin to sOB-R.
Daily Caloric Intake
Caloric intake was assessed by a modified food frequency questionnaire based on data obtained from the Hong Kong Adult Dietary Survey in 1995. 19 The food frequency questionnaire had been validated with the basal metabolic rate calculation and the 24 hours sodium/creatinine and potassium/creatinine analysis. 20 Daily nutrient intake, including caloric intake, was calculated by the Food Processor Nutrition Analysis and Fitness software version 7.9 (Esha Research, Salem, OR), with the addition of the composition of some local foods based on a food composition table from China. 21 
Physical Activity Level
Physical activity level was assessed by a modified Baecke Questionnaire adapted from Pols et al. 22 Subjects were asked to report their physical activities in the past 12 months. In addition to the daily activity of regular schooling, the subjects were required to provide details on the frequency and type of physical activities, and the time engaged in rest and recreational activity after school or during weekend. Total score representing the overall physical activity level of subjects was calculated.
Statistical Analysis
The spread of all data was tested for normality. For data that were normally distributed, the results were expressed as mean AE SD and independent samples t test was used to study the differences between AIS and control groups. For skewed data, the results were expressed in median and interquartile range (IQR) and Mann-Whitney test was used for group comparison. Comparisons of body composition parameters and lean mass distribution were also performed with multiple regression analysis with the adjustment of physical activity level. Serum total leptin, sOB-R, and FLI were logtransformed before Pearson's correlation test to normalize their distribution. SPSS 18.0 for Windows (SPSS Inc, Chicago, IL) was used for statistical analysis. P < 0.05 was considered statistically significant.
RESULTS
One hundred forty-eight Chinese AIS girls and 116 agematched healthy girls were recruited by invitation from local schools. The average Cobb angle in AIS girls was 23.58AE 8.98 (range 108-728). AIS girls had lower body weight and lower BMI, all other anthropometric and sexual maturity parameters were comparable with normal controls (Table 1 ). The daily caloric intake and physical activity levels were not significantly different between AIS and controls (Table 1) . AIS girls had lower serum total leptin levels than normal controls, but became insignificant after adjusted for age and body weight (P ¼ 0.174) ( Table 2 ). Higher sOB-R and lower FLI were also found in AIS girls, these remained significantly different after adjusted for age and body weight ( Table 3) .
Results of correlation analysis between serum total leptin, sOB-R, FLI, and body composition parameters are shown in Table 4 . Controls and AIS group both had significant correlations between serum total leptin and all body composition parameters, but the correlations were generally weaker in the AIS group. For sOB-R, controls had significant correlations with all body composition parameters, whereas AIS girls had significant correlations between sOB-R and BFM, %BF, FFM, and SMM. For FLI, controls and AIS group both had significant correlations with all body composition parameters, but the correlations except for %SMM were again weaker in the AIS group. (Table 5 ). AIS girls also had numerically lower right leg and left leg lean mass, but the difference did not reach statistical significance (P ¼ 0.051 and 0.062 respectively) ( Table 5) .
DEFORMITY
Lower Muscle Mass and Body Fat in Adolescent Idiopathic Scoliosis Tam et al Comparing the lean mass distribution between AIS and controls, AIS girls showed significantly lower right arm lean mass (1.24 AE 0.26 vs.1.32 AE 0.31 kg, P ¼ 0.017), lower left arm lean mass (1.22 AE 0.26 vs.1.29 AE 0.30 kg, P ¼ 0.026), and lower trunk lean mass (13.38 AE 1.75 vs.13.89 AE 2.09 kg, P ¼ 0.035) than normal controls, and they remained significant after adjusted for physical activity level
DISCUSSION
This study demonstrated the presence of abnormal body composition in the AIS girls with decreased BFM, FFM, and %BF that were independent of physical activity and caloric intake (Tables 1 and 3 ). These findings were consistent with a recent study by Ramirez et al, 11 in which 27 AIS female patients surgery candidates were studied with BIA; and Barrios et al, 12 in which the body composition profile of 52 AIS girls was studied with skin-fold thickness measurements. The body composition profile of AIS girls was similar to that of Caucasian adolescents with anorexia nervosa (AN), with a weight and BMI reduction contributed fundamentally from the BFM, and FFM to a lesser extent. 23, 24 Because of the similarity in low BMI, body build, and low bone mass between AIS and AN, some researchers had suggested that the two diseases might share some similarities in the pathogenesis. However, apart from the similarity in some physical phenotypes, there was no solid evidence suggesting a link between the two, and eating disorder was not observed in this study as shown by the similar caloric intake in AIS and controls (Table 1) . Although there was no observed difference in daily caloric intake, the high incidence of decreased BFM and BMI to the degree of severe underweight remained a cause for concern.
This study did not find a difference in arm span between AIS and control girls. Yim et al 25 showed that AIS girls with more severe curves had similar arm span with control girls at the age of 12, but had significantly higher growth velocity, which leads to significantly longer arm span when reaching skeletal maturity. Therefore, the lack of difference in this study was probably because the subjects recruited in this study were slightly younger than those in previous studies. 4, 26 AIS girls recruited in this study showed altered free leptin bioavailability with higher sOB-R levels, and lower FLI (Table 2) ; the results are consistent with our previous studies that included different and smaller cohorts. 8, 9 In addition to deranged bone quality, lower body weight, and lower BMI, 8, 9 this study indicated that the altered free leptin bioavailability in AIS girls is also associated with lower body fat and lower skeletal muscle mass, which provided additional evidence that the functions of leptin could be affected under the pathological conditions of AIS. Leptin is mainly produced by adipose tissues and was shown to strongly and positively correlate with BFM and %BF in the healthy population. 14, 27 The magnitude of correlations between all body composition parameters except %SMM, and serum total leptin, sOB-R and FLI in AIS girls were all slightly weaker than normal controls (Table 4) . This observation suggested possible abnormality in leptin secretion or leptin signaling pathway which could be further investigated.
The lower SMM found in AIS girls could also be partially because of decreased availability of free leptin to peripheral tissues (Tables 2 and 3 ), as leptin administration was shown to increase muscle mass by inhibiting myofibrillar protein degradation and enhancing muscle cell proliferation. 28 This decrease in SMM is generalized around the body, as shown by the 3.7% to 6.5% lower lean masses in the arms, trunk, and legs (Table 5) . Lean mass and skeletal muscle mass are correlated strongly with muscle strength. 29 Therefore, although muscle strength was not investigated in this study, the lower lean mass could well resemble lower muscle strength in AIS girls. The lower muscle strength, especially in the lower extremities, could lead to impairment in postural balance. Impairment of postural balance control in AIS was reported by a number of researchers, 30, 31 and the research focus was largely on sensory functions, 32 including the vestibular system, 33 somatosensory system, 32,34 and visual system. 34 However, in addition to these sensory systems, the musculoskeletal system, including muscle strength, is also important in postural balance control. 35 The musculoskeletal system acts according to the motor commands from the CNS to maintain balance, so incapability of the musculoskeletal system to respond to these commands because of decreased muscle strength, range of movement, and abnormal muscle tone could also lead to postural imbalance. A few studies have reported that asymmetric muscle strength 34 and habitual muscle activities 36 were associated with abnormal postural control in AIS, and strengthening weakened muscles of the hip joint could improve the posture of scoliotic children. 37 In AIS girls, the relatively small magnitude of difference in the muscle mass on its own (Tables 3 and 5 ) might not result in poor balance, but it could bring further burdens on the already impaired postural balance control because of possible deficits in the sensory systems as reported in previous studies.
AIS patients have been shown to have muscle dysfunction and asymmetry in the paraspinal muscle. 38, 39 It is unknown whether this abnormality was primary or secondary to the scoliotic curve. A number of studies have speculated that strengthening exercises targeting the spinal or hip joints muscles are effective in preventing curve progression through increased spinal stability. 40, 41 Although the decreased overall SMM and trunk lean mass in AIS girls (Tables 3 and 5) could not reflect the asymmetrical nature of the paraspinal muscle, they indicated possible decreased muscle strength in the spinal muscle. 29 This possible lower muscle strength in the trunk and lower body could lead to decreased stability to the spine, and higher chances of curve progression.
The lower BFM, FFM, and SMM in AIS girls might also explains the low bone mass and deranged bone quality that were reported in a number of studies. 2, 4, 42, 43 Most of current evidence support that adipose tissue and muscle exert an independent effect on bone remodeling and contributes to an increase in bone mass, and positive correlations were reported between bone mass, muscle mass, and body fat in children. 44, 45 Mechanisms accounting for this relationship could include mechanical load that stimulates bone formation, and the production of osteogenic factors. 46 Body weight and body composition influence the amplitude of mechanical forces exerted on bone. Adipose tissue predominantly applies a static load on bone, whereas the use of muscle creates dynamic strains on bone. 47, 48 AIS girls have reduced amounts of lean and fat mass, and might therefore encounters diminished mechanical stimuli as well as reduced production of bone anabolic factors, resulting in decreased bone formation.
The limitation with the current study was that the recruited patients have a relatively narrow spectrum of curve severity with vast majority of the patients having a Cobb angle between 108 and 408. Because of this reason, analysis by stratifying the patients according to curve severity was not performed. Future studies to recruit subjects with severe curves for detailed evaluation with respects to body composition and leptin bioavailability would be desirable.
In summary, the results of this study indicated that AIS girls had abnormal body composition with lower BFM and FFM when compared with age-and sex-matched controls. In light of these results, the body composition and leptin bioavailability parameters have the potential to be further developed into prognostic factors to enhance the prediction of curve progression during clinical assessment. This association study was the first case-control study looking into the important correlation between body composition with serum total leptin, sOB-R and FLI in AIS patients, and provided encouraging evidence for the line of research on the role of leptin in the etiopathogenesis and the course of AIS. Collaboration with other international research centres would be desirable to investigate the potential ethnical difference in leptin bioavailability and if the altered leptin bioavailability in AIS girls observed in this study could still be found in AIS girls with other ethnicities. Further prospective studies and animal studies with scoliosis model should be performed to investigate the causality between altered leptin bioavailability, the observed abnormal body composition, and deranged bone quality, as well as the development and progression of scoliosis.
Key Points
Girls with AIS have generalized lower body fat and lower skeletal muscle mass. The abnormal body composition in girls with AIS is associated with altered leptin bioavailability. Body fat, fat free mass, and skeletal muscle mass are correlated with leptin, soluble leptin receptor, and free leptin index in both controls and girls with AIS. Altered leptin bioavailability to the central nervous system and peripheral tissues could be a critical factor in the manifestation of abnormal body compositions in AIS.
